Abstract: We present a study on the potential use of ultra-long laser cavities for unrepeatered fibre communication, based on the theory of nonlinearity management. A comparison is offered between the performance of ultra-long lasers and standard bidirectional distributed amplification schemes in non-repeated transmission. Links based on both traditional (SMF/DCF) and modern Ultrawave transmission fibres are considered.
Ultra-long Raman active cavities have recently arisen as a potential efficient solution for providing broadband bi-directional, second-order Raman amplification with reduced amplified spontaneous emission (ASE) noise build-up [5] [6] [7] . In this paper we propose the idea of unrepeatered transmission links based on the implementation of an ultra-long laser cavity for the generation of an intermediate pumping wave which reduces signal power variation, with potential improvements in noise performance and reduced nonlinear distortion. We explore here the potential of using ultra-long, dispersionmanaged Raman lasers, as well as other second-order Raman amplification structures supported by fibre Bragg grating reflectors as non-repeated links. We perform a theoretical analysis, relying in the tried and tested theory of nonlinearity management [8] [9] [10] [11] to compare the potential performance of an ultra-long laser based solution with that of a similarly complex (from the implementation point of view) 1st-order bidirectional distributed amplification scheme. Nonlinearity management theory has been shown to be a powerful tool for the optimization and comparative study of singlechannel and WDM system performance [9] [10] [11] , in systems in which nonlinearity can be considered to contribute negatively to system performance. This approach greatly simplifies the analysis of systems when a large number of degrees of freedom are involved, and offers excellent results without the need to resort to direct NLSE transmission simulations. 
Model and system design
As in the case of traditional transmission systems, the best performance of an unrepeatered link is found through the appropriate balance of noise and nonlinear effects. An interesting difference, though, is that, while in conventional systems optimisation is performed with the goal of achieving the maximum possible transmission distance, unrepeatered links must be optimised with the goal of achieving the best possible performance at a fixed distance. Although the principle might initially seem very similar, the rules to apply are different, and this, in particular, means that a proven amplification scheme for a 250 km reach might not be the best option for a 200 or 300 km link. This can be illustrated by monitoring the performance of different amplification configurations at different span lengths: Configuration 1 is just a standard bi-directionally pumped 1st-order Raman scheme, with identical pumps at both ends of the span at a wavelength of 1455 nm. Configuration 2, on the other hand, is an ultralong Raman laser link using bidirectional pumps at 1365 nm and fibre Bragg gratings (FBGs) to transform the whole transmission span into a resonant cavity at 1455 nm.
Such a configuration, although relying only in two identical pumps, is equivalent to a 2nd-order bi-directionally pumped Raman scheme, as seen in [6] . The two configurations are depicted in figure 1.
We consider here dispersion-managed maps, with positive (PDF) and negative dispersion fibre (NDF) in a standard PDF-NDF-PDF configuration. For the sake of simplicity, but without loss of generality, we will focus in most of our examples on standard single-mode fibre (SMF) and dispersion-compensating fibre (DCF), although a performance comparison between such fibres and more modern UltraWave TM SLA (positive dispersion) and IDF (negative dispersion) fibres can be found below. Different span lengths are considered, varying from 100 to 300 km (i.e. from a total span loss of 26 .5 dB to 83 dB). The lengths of the positive and negative dispersion fibre sections are adjusted so that the total accumulated dispersion in the whole transmission link is zero.
For our two sets of fibres this implies that L DCF = 0.145 L SMF , and
respectively, where L indicates the total length for each type of fibre.
In order to compare the performance of the configurations under consideration from the point of view of nonlinearity management theory, it is convenient to resort to the numerical solution of the power balance equations, describing the evolution of the average power of each of different spectral components.
These equations must account for all relevant contributions to noise, whether ASEgenerated or caused by Rayleigh backscattering [12, 5] , in order to obtain an accurate estimation of the OSNR. Equations (1) to (5) below describe average power evolution of the spectral components on a system with two levels of Raman cascading.
Here, the (+) and (-) superscripts represent forward and backward propagation respectively, the 1, 2, and S subscripts identify the higher-order pump (1365 nm The boundary conditions for the system of equations (1) - (5) depend on the particular amplification scheme under consideration. For configuration 1, in which no higherorder pumping is used, they can be expressed as:
where P 0 is the input pump power for each of the pumps and P IN and N 0 stand for input signal and noise power respectively. For configuration 2, in which the 1455 nm component is generated directly by Raman conversion from the 1365 nm pump in the cavity, the boundary conditions can be written as (see [5] ):
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By solving the above set of ordinary differential equations for each of the configurations under study, both signal power evolution and optical signal-to-noise ratio (OSNR) can be monitored along the whole transmission link. Both cases have the same input and output OSNRs, but the bottom case displays a 22% less NPS. Figure 3 illustrates the point by depicting the evolution of OSNR in both configurations for different input power levels. It can be seen that, at high input signal powers and long distances, the noise performance of ultra-long cavities quickly degrades beyond the barrier of 260 km, becoming patently worse than that of configuration 1. On the other hand, for low to moderate input powers (0 dBm to -5 dBm average power), noise performance of configuration 2 is either superior or roughly equivalent to that of configuration 1, with the advantage of offering a lower impact of nonlinearities. At higher powers, on the other hand, configuration 1 has a slight advantage in terms of noise performance (while still being worse in terms of nonlinearity accumulation).
Results and discussion
Increasing signal power beyond a certain point has no positive effect whatsoever on the OSNR at long spans. At 260 km, for both configurations, 0 dBm and 5 dBm average input signal power produce the same output OSNR. Indeed, for longer distances the OSNR drops sharply for the higher power case, due to pump depletion across the link and the increased incidence of double Rayleigh backscattering as input pump powers are increased. Note that for similar OSNRs in the same transmission map, lower input powers lead to reduced nonlinearities and hence a lower bit-error rate [11] . The results indicate that the best bit-error-rate for long spans with fully distributed amplification will usually be obtained by using moderate input signal powers. Figure 4 displays the evolution of signal power excursion (defined as the difference between maximum and minimum power achieved along transmission, expressed in dB) with increasing span length, for the sample case of a 0 dBm average input signal power.
The figure shows the results obtained both for standard SMF-DCF links and with systems using the more modern Ultrawave TM fibres, which display a larger effective area and matching dispersion slope. The curves show that the proposed scheme with ultra-long laser cavity is always superior to simple bi-directional pumping in terms of signal power excursion. This characteristic is important for the comparison of nonlinear impairments, as the accumulation of nonlinear effects is higher in the case of higher signal power excursion (i.e. higher power maxima during propagation), which is expected to impact deleteriously on the signal by increasing distortion. Note that when higher input signal powers are used, power excursion increases due to pump depletion.
Cavities comprised of modern UltrawaveTM fibre present a lower power excursion than traditional SMF-DCF across the whole range of transmission lengths studied. 
Conclusion
While nonlinearity management is an adequate tool for the study and optimization of unrepeatered transmission systems, system design rules for this kind of transmission links are very different from the ones that apply to long-haul transmission, as the focus shifts from achieving the maximum possible transmission distance, to that of obtaining the best possible performance at a fixed distance. We have proposed, and studied from a nonlinearity management viewpoint, the application of higher-order distributed amplification schemes, based of the recently developed ultra-long Raman fiber laser architecture, to non-repeated fibre transmission. In standard transmission fibre links, for distances of up to 250 km, the reduced power excursion and accumulated nonlinearities, as well as the slight improvement in OSNR, suggest that ultra-long cavity schemes could potentially offer a better overall performance than standard bi-directionally
Raman amplified spans. The use of modern Ultrawave fibres leads to further improvement of the projected performance.
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